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vABSTRACT
The unsteady free convective flow about a horizontal circular cylinder in the
presence of heat generation and radiation is considered in this thesis. The cylinder is
fixed and immersed in a Newtonian fluid, while the temperature at the surface is either
heated uniformly or oscillated harmonically about the mean temperature, temperature
of the surrounding. In this study, the governing equations are first transformed
into a non-dimensional form by using appropriate non-dimensional variables. These
equations are then transformed into a system of nonlinear partial differential equations,
then were solved numerically by using two types of finite difference methods
namely explicit finite difference method and implicit finite difference scheme of
Crank Nicolson method. The solutions obtained by those two methods are used to
compare the accuracy between them with the previous studies. The presence of heat
generation significantly gives effect which increased the local skin-friction coefficient,
temperature and velocity distribution but the local rate of heat transfer decreases.
While, the presence of radiation increase the local rate of heat transfer, skin-friction
coefficient, the temperature and velocity distributions. On the other hand, as the Prandtl
number increases, the temperature and velocity distributions are decreases. This study
also presents the temperature patterns for the problems when the temperature of the
surface is heated and oscillated with respect to time. The comparison between the
presence of radiation, heat generation and both of radiation and heat generation on
temperature profiles against time are presented. It would be interesting when this study
extended by involving the effect of magnetic field on this study and solve the related
problems by using other numerical method.
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ABSTRAK
Kajian ini berkaitan aliran olakan bebas yang tidak mantap terhadap silinder
membulat dan mengufuk dengan kewujudan penjanaan haba dan radiasi. Silinder
diletakkan di dalam bendalir Newtonan, manakala suhu pada permukaannya sama
ada dipanaskan secara seragam atau berayun secara harmonik terhadap suhu di
sekitarnya. Di dalam kajian ini, persamaan yang diperoleh akan dibentuk ke dalam
bentuk tak berdimensi dengan menggunakan pembolehubah tak berdimensi yang
sesuai. Persamaan menakluk ini kemudiannya dijelmakan menjadi satu sistem
persamaan pembezaan separa tak linear, dan seterusnya diselesaikan secara berangka
menggunakan dua jenis kaedah pembeza terhingga iaitu kaedah beza terhingga tak
tersirat dan kaedah beza terhingga yang tersirat jenis Crank Nicolson. Penyelesaian
yang diperoleh dari kedua-dua kaedah ini dibandingkan ketepatannya berbanding
dengan kajian sebelum ini. Kewujudan penjanaan haba memberi kesan yang ketara
iaitu meningkatkan lagi nilai pekali geseran kulit, taburan suhu dan taburan halaju
tetapi mengurangkan kadar pemindahan haba. Manakala, kehadiran radiasi pula
meningkatkan kadar pemindahan haba, pekali geseran kulit, taburan suhu dan taburan
halaju. Sebaliknya, dengan penambahan nombor Prandtl, taburan suhu dan taburan
halaju menurun. Kajian ini juga menunjukkan corak taburan suhu apabila suhu
permukaan dipanaskan dan berayun terhadap masa. Perbandingan antara kesan
radiasi, penjanaan haba dan kedua-dua radiasi dan penjanaan haba pada taburan suhu
melawan masa juga diperolehi. Kajian ini menjadi menarik untuk dilanjutkan dengan
melibatkan kesan medan magnet dan menyelesaikan masalah-masalah yang berkaitan
dengan menggunakan kaedah berangka yang lain .
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NOMENCLATURE
Roman Letters
A - Surface area
a - Radius of the circular cylinder
C - Specific heat at constant pressure
Cf - Skin-friction coefficient
e - Specific internal energy
Fs - Surface forces
Fs;x - Body forces on x-direction
Fs;y - Body forces on y-direction
g - Acceleration due to gravity
Gr - Grashof number
M - Rate of mass transfer
Nu - Nusselt number
P - Pressure
Pd - Dynamic pressure
Ph - Hydrostatic pressure
Pr - Prandtl number
q - The volumetric of heat generation
q00x - Heat flux for x direction
q00y - Heat flux for y direction
q00s - Heat transfer rate
q00r - Radiation heat flux
Q0 - The heat generation constant
Rd - Radiation parameter
t - Time
T  - Fluid temperature
xv
T 1 - Ambient temperature
T s - Surface temperature
t - Non-dimensional time
T - Non-dimensional temperature of fluid
T1 - Non-dimensional temperature of the ambient fluid
Ts - Non-dimensional temperature of the surface
u; v - Velocity components along the x and y directions,
respectively
x; y - Cartesian coordinates along the surface and normal to
it, respectively
U; V - Non-dimensional velocity components along the x and
y directions, respectively
X;Y - Non-dimensional cartesian coordinates along the
surface and normal to it, respectively
X;Y - Body force vector per unit area x and y, respectively
Greek Letters
 - Thermal conductivity
" - Material property
 - Normal stress
sb - Stefan-Boltzmann constant
s - The scattering coefficient
 - Effective thermal diffusivity
r - Absorption coefficient
 - Control area
 - Difference between two properties
 - Heat generation parameter
 - Thermal expansion coefficient
! - Frequency of the oscillation
 - Fluid density
1 - Density of the ambient fluid
xvi
 - Viscous dissipation function
 - Kinematic viscosity
 - Dynamic viscosity
r2 - Laplace operator
 - Shear stress
s - Shear stress on the surface
Superscripts
 - Dimensional condition
00 - Derivative
Subscripts
1 - Far field condition
s - Surface
i; j - Integer for x and y direction, respectively
CHAPTER 1
INTRODUCTION
1.1 Introduction
The unsteady free convective flow problems are important in engineering
applications. There are many researches on free convection over a circular cylinder
but less studies in the presence of heat generation or radiation or both of them. Many
of the problems study the effect of heat generation and radiation in uniform surface
temperature or steady state condition but not in the case of unsteady flow or non
uniform temperature.
Free convection about a circular cylinder can be found in the application
of technology where the temperature of the surface are either oscillated or heated.
The problems for unsteady free convection over circular cylinder can be solved
either analytically or numerically. Most of the previous researchers have studied
the oscillatory or unsteady free convection on different types of shapes without the
presence of heat generation or radiation.
Besides that, most of the studies employed a numerical solution but on different
types of geometrical shape and the temperature of the surface in the case of steady
condition. However, until now less amount of works has been done by considering the
unsteady free convection over a horizontal circular cylinder with employed analytic
solutions. Even the earlier studies were about an unsteady problems, the effect of
heat generation and radiation excluded in their study. They were studied on different
types of geometrical shapes. However, the study on the effect of heat generation and
radiation has been investigated in the case of steady state natural convective flow. The
unsteady free convection about a circular cylinder with the presence of heat generation
2and radiation is new and has not been studied by any researcher. The governing
equations and boundary equations are first transformed into a dimensionless form, and
the resulting system of equations are then solved by a numerical method in their study.
Natural convection is interested and given an attention from researchers
because it applied in engineering applications. Natural convection is also plays
an important role in fluid flows such as the free-convection cooling of electronic
components, the spreading of pollutants from smoke stacks, and the human thermal
plume. Other than that, in engineering applications, convection is commonly used in
the formation of microstructures during the cooling of molten metals, and fluid flows
around shrouded heat-dissipation fins, and solar ponds.
The presence of heat generation on free convection can been seen its
significance in the contexts of space technology and processes involving high
temperature. The effects of heat generation may alter the temperature distribution
and, therefore, the particle deposition rate. This may occur in such applications
related to nuclear reactor cores, fire and combustion modelling, electronic chips and
semiconductor wafers.
1.2 Problem nature
In this thesis, unsteady free convection about an infinite horizontal circular
cylinder with the presence of heat generation and radiation will be studied as a model
problem. The infinite horizontal circular cylinder is fixed and hence is assumed to
be in a two-dimensional problem. The circular cylinder is immersed in Newtonian
fluid and the temperature of the surface of the cylinder is either heated uniformly or
oscillated harmonically with the presence of heat generation and radiation. The domain
of the solution is around the circular cylinder. The dimensionless non-linear systems
of partial differential equations subject to the boundary conditions given will be solved
numerically. The solutions obtained in the present study is on the effect of heat
generation, radiation and Prandtl number on the velocity and temperature distribution,
the local of heat transfer and the skin-friction coefficient.
31.3 Objectives
The objectives of this research are to develop the mathematical model and
find the numerical solutions for the problems on unsteady free convection around
horizontal circular cylinder where the surface temperature is either uniformly heated
or oscillated harmonically with the presence of heat generation and radiation. The
numerical algorithms are computed by computer programming FORTRAN95 for the
following problems:
(i) Unsteady free convection around horizontal circular cylinder where the surface
temperature is heated uniformly with the presence of heat generation.
(ii) Oscillatory free convection around horizontal circular cylinder with the presence
of heat generation.
(iii) Unsteady free convection around horizontal circular cylinder where the surface
temperature is heated uniformly with the presence of radiation.
(iv) Unsteady free convection around horizontal circular cylinder where the surface
temperature is heated uniformly with the presence of heat generation and
radiation.
1.4 Scopes of study
The scope of study is limited to problems involving unsteady, two-dimensional
free convection around horizontal circular cylinder, immersed in viscous and
incompressible fluid with two types of boundary conditions namely heated uniformly
and oscillated harmonically surface temperature in the presence of heat generation and
radiation. These problems are formulated using the nonsimilar transformation and
solved numerically using finite difference method.
41.5 Introduction to heat transfer
Heat transfer described as exchange the thermal energy in the form of heat
through a body or between bodies. Heat transfer is energy in transit due to a
temperature gradient or difference. When two bodies are at different temperatures,
thermal energy transfers from the one with higher temperature to the one with lower
temperature. For example in our daily life, we can see heat always moves from hot
to cold and cold objects in a warmer room will heat up to room temperature. There
are three basic mechanisms or modes of heat transfer: conduction, convection, and
radiation as reported in Bejan (1993).
1.5 .1 Conduction
Conduction is the transmission of heat through a substance without perceptible
motion of the substance itself (Janna (2000)). The heat transfer via conduction
made the substance itself does not flow because the heat is transferred internally,
by vibrations of atoms and molecules. Electrons can also carry heat so that, metals
are generally very good conductors of heat. This is because metals have many free
electrons and move randomly thus, the heat was transferred from one part of the metal
to another part. The example of conduction heat transfer in our daily life is when we
touch a hot object, we will feel the heat on our skin because the heat from the object is
transferred through our skin by conduction.
There are two mechanisms in heat transfer via conduction namely, lattice
vibration and particle collision. Lattice vibration occurs in the process of heat transfer
in solids. In solids, the atoms are bound to each other by a series of bonds. As the
solid heated, there is the temperature gradient or difference in the solid made the atom
vibrates at the hot side of the solid. Then, those vibrations make the adjacent atoms
vibrate, and so on, the vibrations are transmitted through the springs to the cooler side
of the solid and reach an equilibrium, where all the atoms are vibrating with the same
energy.
In the case of metals which have free movement electrons and not bound to any
electrons in the solid, the heat transferred occurs by particle collision. The electrons
5in the hot side of the solid move faster than those on the cooler side. As the electrons
undergo a series of collisions, the faster electrons give off some of their energy to the
slower electrons. Because of these collisions, the slower electrons move faster and heat
transferred until it reach an equilibrium, where the electrons are moving at the same
average velocity. Conduction through electron collision is more effective than through
lattice vibration. Conduction of heat in liquids is the same as for gases which occurs
through collisions between freely moving molecules. The mechanism is similarly to
the electron collisions in metals.
The law of heat conduction, also known as Fourier’s law, states that the time
rate of heat transfer through a material is proportional to the negative local temperature
gradient and to the area, at right angles to that gradient, through which the heat flows.
Therefore, the rate of heat transfer by conduction in x direction is given by Janna
(2000) and Bejan (1993) as
q
00
x =  
@T 
@x
; (1.1)
where @T  is the temperature difference between the two surfaces separated by a
distance @y and  is the thermal conductivity coefficient. The effectiveness by which
heat is transferred through a material is measured by the thermal conductivity, .
1.5 .2 Convection
Convection is about the heat transport effected by the flow of fluids (Bejan
(2004)). The process of heat transfer between a surface and a moving fluid from
one place to another place when they are in different temperature. The presence of
temperature gradient will contributes heat transfer from a surface to a moving fluid
due to bulk motion of the fluid. Convection cannot occurs in solids because there is no
bulk flow. The term convection is referring to heat transfer with any fluid movement
either liquid or gases, but the term advection is more precise for the transfer due to
the bulk fluid flow. The process of heat transfer via convection is a heat transfer from
a solid to a fluid with requiring diffusion or conduction of heat through the boundary
layer and also advection of heat.
The convection heat transfer occurs at different temperature that will develop
6a bounding surface or boundary layer. When there is temperature difference between
the temperature of wall with the fluid, the interaction of fluid and the surface occurred
made a developed region in fluid where the velocity varies from zero at the surface to
a finite value which associated with the flow. Those regions are the velocity boundary
layer. While, the thermal boundary layer developed at the region of the fluid where
the major temperature and concentration changes occur in that region which is very
close to the surface. The thermal boundary layer may be smaller than or larger than
or the same size as the velocity boundary layer. Through the analysis of convective
heat transfer, convection process can be divided into two natural convection and forced
convection (Amer Nordin Darus (1995)). The natural convection or free convection is
the flow of fluid which depend to density differences caused by temperature differences
to transfer the heat. While, the forced convection is the fluid flow caused by and
external agency such as a fan or pump or due to atmospheric disturbances, that heat
transfer known as forced convection.
Natural convection or free convection occurs due to the differences of
temperature which affect the density and thus the relative buoyancy of the fluid (Bejan
(1993)). The heavier components that have more density will fall while the lighter
components which have less density will rises and lead to bulk fluid movement.
Natural convection can only occur in a gravitational field. In increasing temperature
will produce the different densities of fluids that were affected by gravity. Natural
convection will be less likely or less rapid with more rapid diffusion or more viscous
fluid. There are three cases that deal with natural convection, first is about problems
of heat exchange between a body and an extensive quiescent ambient fluid or natural
convection on external surfaces. Second is an open-cavity problem, such as natural
convection in arrays or through cooling slots and the last case deals with natural
convection in enclosures, such as in the annulus between cylinders. The first case
of natural convection is in the scope of this thesis and will be discussed further in the
next section.
Free convection is quite important because of its widespread application, and
the convection heat transfer processes is relevance to industrial and environmental
problems. We can found applications of free convection in our daily life for example,
in household appliances such as electric kettle and radiator. The electric kettle is heated
from the bottom. So that, there is convection heat transfer in the water to the air when
7the water boiled. The same reason goes to radiator. For a hot radiator, the air around
the radiator is heated and thus expands. The convection works by circulating the hot
water around the radiator. Car engines are also cooled by convection currents in the
water pipes. The heat exchanged will carries the unwanted heat to the radiator by
water.
1.5 .3 Radiation
Radiation is heat transfer from a distance without making direct contact which
that does not rely upon any contact between the heat source (Bejan (1993)). Radiation
allows energy to be transferred either to a surface or from a surface by absorption or
emission through wave energy or it may be called as electromagnetic waves because
the energy travels in a combination of electric and magnetic waves. This energy is
released when these waves are absorbed by an object. The radiation with longer
wavelengths generally can penetrate through thicker solids.
Radiation can even work through the vacuum of space for examples the
radiation is the heat from the sun, the heat is radiated through space to our planet
without the aid of fluids or solids. The rate at which this energy is released is
proportional to the Kelvin temperature (T ) raised to the fourth power.
Radiation rate = T 4: (1.2)
Most of the objects with high temperature, from a cooking standpoint, emit infrared
radiation. Hotter objects, such as the sun, emits more energetic radiation including
visible and UV. So that, the amount of radiation emitted by an object is given byMahan
(2002) as
qemmitted = "sb  AT 4s ; (1.3)
where A is the surface area, Ts is the temperature of the body, sb is the Stefan-
Boltzmann constant and " is a material property called emissivity. The radiation that is
absorbed by the object is called the absorptivity, r. Thus, the amount of heat absorbed
by the surface is given by
qabsorbed = r  I; (1.4)
8where I is the incident radiation which can be determined by the amount of radiation
emitted by the object and strikes the surface. The difference between the rates of
radiation emitted by the surface and the radiation absorbed is the net radiation heat
transfer. If the rate of radiation absorption is greater than the rate of radiation emission,
the surface is said to be gaining energy by radiation. Otherwise, the surface is said to
be losing energy by radiation.
Most researchers interested on radiation interaction with convection for heat
and mass transfer in fluids. This is due to the significant role of thermal radiation
in the surface heat transfer when convection heat transfer is small, particularly in
free convection problems involving absorbing emitting fluids. Radiation is important
in some applications because of the manner in which radiant emission depends on
temperature. For example, radiation contributes substantially to energy transfer in
combustion chambers, fires and to the energy emission from a nuclear explosion. We
can see in our nature, the radiation from the sun is important to the technology for
solar-energy utilization. Solar energy transferred through the vacuum of space and the
earth’s atmosphere is received by a solar collector that converts the solar radiation into
internal energy. This study is strong motivations for studying about radiation because
it gives humans the benefits in their life.
1.6 Fluid dynamics for natural convection heat transfer
Fluid dynamics is one part of the fluid mechanics that deal in fluid flow. The
fluid motion in free convection problem considers the process of heat transfer between
a solid and a liquid or gas flow. The processes that involve the dynamic of fluids will be
necessary to understand and described in mathematical terms or mathematical models.
The solution for a fluid dynamics problem in free convection involves
calculation on the properties of the fluid such as velocity, pressure, density and
temperature, as functions of space and time. The fundamental principles of fluid
dynamics are a conservation laws including conservation of mass, conservation of
linear momentum (also known as Newton’s Second Law of Motion) and conservation
of energy (also known as First Law of Thermo-dynamics) lead to the governing
equations.
9The first principles of fluid dynamics are the conservation of mass or the
continuity of mass through a flow system. The continuity equation can be described as
an equation for a variety of physical phenomena in transport of a conserved quantity.
The velocity and temperature distribution in a flow region near a surface are usually
interested in convective heat transfer. In free convection problems, the Navier-Stokes
equations are the momentum equation for Newtonian fluids. The Navier-Stokes
equations arise from applying Newton’s second law to fluid motion. Navier-Stokes is
a non-linear set of differential equations that describe the flow of a fluid whose stress
depends linearly on velocity gradients and pressure.
Free convection process can be classified as internal or external flow. External
flow is flows over bodies that immersed in a fluid, (plate, cylinder and sphere) and
internal flow is the flow in the tube. The resulting of both flow may be laminar flow
or turbulent flow and compressible or in-compressible (Bejan (2004)). A laminar flow
defined as the fluid particles move in smooth layers while a turbulent flow is the fluid
particles rapidly mix as they move along due to random three-dimensional velocity
fluctuations. In-compressible defined as the flows in which the density is negligible
or can be a constant density (strict in-compressible). While, compressible is when the
density variations within a flow are not negligible or fluid density varies significantly
in response to a change in pressure.
A Newtonian fluid (named after Isaac Newton) is a fluid whose stress versus
strain rate curve is linear and passes through the origin. For a Newtonian fluid, the
viscosity depends only on temperature and pressure. Water and air are most commonly
of Newtonian fluids. Non-Newtonian fluids are a type of fluid that is different from
those of Newtonian fluids. It will be important in industries such as food, paint,
plastic and pharmaceutical industries (Batchelor (2000)). Non-Newtonian fluid is a
type of fluid whose flow properties differ in any way from those of Newtonian fluids
in which shear stress is not directly proportional to deformation rate (Bejan (2004)).
There are several other possible approximations to fluid dynamic problem. The
free convection problem is included in the field of buoyancy driven flow. Its often use
the Boussinesq approximation because the density changes too small to be neglected
except in the calculation on buoyancy forces where involves gravity.
In the fluid flow field, a numerical method such as Computational Fluid
Dynamics (CFD) will be applied to solve the formulation of the problem. CFD is
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employed in a variety of applications and widely used in many industries. CFD
used in numerical methods and algorithms to solve problems that involve fluid flows.
Mathematical software is being used to compute the interaction of fluid with the
surface which is defined by the boundary condition and can demonstrate the numerical
result. The result will present the sets of data that describe the flow configuration on
the related problem.
1.7 Thesis organization
This thesis contains the overview of the study which can be divided into 5
chapters. In chapter 1, following the introductory part are the problem statements,
objectives, scopes of study, introduction to heat transfer, fluid dynamics for natural
convection heat transfer and the thesis organization.
Chapter 2 presents the literature review of the study followed by Chapter 3
which described the governing equations that formulate the problems of the research
and the methodology that have been used. Numerical results and discussion of the
problems have been illustrated and discussed in both Chapter 4 and 5. Chapter 4
covers the numerical results for all problems related to the study on unsteady free
convection in the presence of heat generation. There are two parts in Chapter 4. In the
first part, numerical results have been carried out on the study about free convection
on a heated horizontal circular cylinder with the presence of heat generation. While,
in the second part, it contains a numerical result for the problems about an oscillatory
free convection on a circular cylinder in the presence of heat generation. Chapter 5
presents the numerical results on free convection on heated horizontal circular cylinder
in the presence of heat generation and radiation. The discussion in Chapter 4 includes
the temperature and velocity profiles, the local heat transfer and the skin-friction
coefficient over a various heat generation parameter and Prandtl number. Similarly
in Chapter 5, the results are discussed with different radiation parameter included.
Chapter 6 contains the conclusions for the problems in the thesis. In this
chapter, suggestion on several ideas for related future work are also included. Lastly,
following this chapter are the references and appendices that related to the study.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
The study on free convective flow are important in engineering because such
flows occur often in practice. Besides that, the effect of heat generation and radiation
on free convection is also important in view of physical problems such as those
dealing with the fluid mechanics. There are very limited literature for the study on
natural convection around a horizontal circular cylinder when the temperature of the
cylinder surface is either being uniformly heated or oscillate harmonically with time.
In this chapter, some related works on free convection over horizontal circular cylinder
solutions either analytically or numerically for free convection problems and the effect
of heat generation or radiation on convective heat transfer will be presented.
2.2 Free convection with the presence of heat generation
There are very limited literature for the study of unsteady natural convection
around a horizontal circular cylinder either the temperature of the cylinder surface
is heated or oscillated harmonically. Merkin (1967) was the first who studied in
this related problem which is oscillatory free convection from an infinite horizontal
cylinder. He solved analytically by using a matching technique between the inner and
outer boundary layers. Following the work of Merkin (1967), Chatterjee & Debnath
(1979) solved their problem by separating the flow field into steady and unsteady part
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from the beginning in the governing equations in the study on double boundary-layers
in oscillatory convective flow. While, the study on oscillatory convective flow was
studied by Roslan et al. (2004a) and solved by separating the particular term, the
second term in the expansions of pressure, P = 1 and P 6= 1, as the steady and
unsteady parts. The study on free convection over a circular cylinder was investigated
by Merkin (1967) and Rozani Roslan (2004b).
The study of heat generation or absorption in moving fluids is important
in problems dealing with chemical reactions and those concerned with dissociating
fluids. Heat generation may alter the temperature distribution. Free convection which
influenced by heat generation has been studied by many researchers. Among them
studied the problem over a different types of geometrical shapes such as cylinder,
elliptical cylinder, plate and sphere. One of the earliest researcher who studies the heat
generation effect on free convection at heated semi-infinite vertical plate with internal
heat generation is Vajravelu (1979). Then, Vajravelu& Hadjinicolaou (1993) extended
the problem in heat transfer characteristics in a laminar boundary layer flow of viscous
fluid over a linearly stretching continuous surface with viscous dissipation or frictional
heating and internal heat generation. Here, Vajravelu&Hadjinicolaou (1993) present a
distribution of heat source for heat generation case and considered that the volumetric
of heat generation as,
q =
8<: Q0 (T    T 1) for T  > T 1;0 for T  < T 1; (2.1)
where Q0 is the heat generation constant. The above relation is valid for the state of
some exothermic processes having T 1 as the ambient temperature.
The effect of the heat generation over a plate, cylinder and sphere has been
investigated by many researchers. The work done by Vajravelu & Hadjinicolaou
(1993) has been continued by Chamkha & Camile (2000) who studied the problem
of laminar free convection flow over a vertical porous surface in the presence of
magnetic field and heat generation or absorption. From the governing equation of this
problem, it is known that the heat generation effect in the fluid is greatly dependent
on temperature which means it is assumed to very linearly with the difference of the
fluid temperature in the boundary layer and the ambient temperature. The solutions
for the free convection with influenced by heat generation effect and Prandtl number
Pr on temperature and velocity profiles are presented. Here, Chamkha & Camile
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(2000) mentioned that in the presence of heat generation, the thermal state of the
fluid increases causing the thermal boundary layer to increase. Moreover, Molla et
al. (2004) studied natural convection flow along a vertical wavy surface with uniform
surface temperature in the presence of heat generation or absorption and found the
effect of heat generation and influence of Prandtl number Pr on the heat transfer rate
in terms of local Nusselt number as well as on the streamlines and isotherm patterns.
Ferdousi & Alim (2000) considered the effect of heat generation on natural
convection flow from a porous vertical plate. Hady et al. (2006) formulated the
problem of free convection from a vertical wavy surface embedded in a uniform
porous medium with the presence of an internal heat generation. The effect of several
relevant heat generation parameters on velocity, temperature and Nusselt number have
been observed in this studied. While, Jawdat & Hashim (2010) were investigated the
effects of uniform internal heat generation on chaotic behavior in thermal convection
in a fluid-saturated porous layer subject to gravity and heated form below for low
Prandtl number. Admon et al. (2011) considered the unsteady free convection flow
over a three-dimensional stagnation point with internal heat generation or absorption.
Meanwhile, Kasim et al. (2011) studied the free convection boundary layer of
viscoelastic fluid in the presence of heat generation. The effect of heat generation
parameters on velocity and temperature profiles have been investigated in both studies.
Besides that, Kasim et al. (2011) also investigate the influence of Prandtl number on
velocity and temperature profiles.
There are also some works on natural convection in the presence of heat
generation over circular cylinder. For example, Molla et al. (2006), investigated the
effect of heat generation on free convection over the isothermal horizontal circular
cylinder. Molla et al. (2009a) extended his previous work by considering a uniform
heat flux. Molla et al. (2006) and Molla et al. (2009a) obtained the effect of heat
generation parameter on both velocity and temperature profiles. They found the
heat generation mechanism creates a layer of hot fluid near the cylinder surface
temperature. The fluid velocity increases with heat generation as this contributes to
accelerate the flow. They also illustrated the development of streamlines and isotherm
patterns in their works to show the influenced of heat generation. Both studies have
been reviewed by Cheng (2009) in his study on natural convection boundary layer over
a horizontal elliptical cylinder with constant heat flux and internal heat generation.
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Recently, the study of the conjugate free convection from a horizontal circular
cylinder in presence of heat generation has been investigated by Azim et al. (2012)
and then, Azim & Chowdhury (2013) extended the problem by considering the
effect of heat generation and joule heating on laminar magnetohydrodynamic (MHD)
conjugate natural convection flow from a horizontal circular cylinder. They found
that the velocity and temperature distributions, and the skin friction increases, while
the heat transfer rate decreases for escalating value of heat generation parameter.
They show the respective changes in the velocity and temperature distributions as
the dimensionless heat generation coefficient  is changing with constant Pr. When
 increases, the velocity and temperature distributions are also increase. This is
expected since heat generation mechanism will increase the fluid temperature near the
surface and causes the thermal boundary layer to become thicker, and the fluid will
become warmer. This enhances the effect of the thermal buoyancy of the driving body
force due to mass density variations which are coupled to the temperature distribution.
As heat generation parameter increases, the velocity gradient at the surface increases
which again enhances the fluid velocity because of the velocity thermal boundary
layer thickness increased therefore, increasing the fluid velocity distribution.
Besides that, some researchers investigate the effect of free convection with
influenced of Prandtl number, Pr where as the Pr increases, both the velocity and
temperature profile decrease. The different values of Pr will give a different effect
on the flow and thermal profiles. As Pr increases, the momentum and thermal
boundary layer thickness also decrease. Thus, all the fluid’s velocity and temperature
components decrease. In addition, an increase of heat generation parameter leads
to decrease of the local heat transfer but increase the local skin friction. However,
as the Pr increases, the local heat transfer increases but the local skin friction decreases.
2.3 Free convection with the presence of radiation
The effects of radiation have been studied by researchers because it has
become more important in recent years. The reason is the thermal radiation effects on
free convection flow are important in engineering applications, such as in advanced
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types of power plants for nuclear rockets, high-speed flights, re-entry vehicles and
processes involving high temperature. The radiative heat fluxes can be approximated
by the Rosseland diffusion approximation which has been used in many radiation
related studies.
However, no radiation on unsteady free convective flow on circular cylinder
either with the presence of heat generation or otherwise has been reported. Due to
this fact, the literature presented here is about the effects of radiation on unsteady free
convection problem over a circular cylinder under the influence of a heat generation
and Prandtl number. Thus, these studies will be abled to achieve the important
changes in velocity and temperature distribution. Furthermore, the local skin-friction
coefficient and the rate of heat transfer or the local rate Nusselt number will be
obtained from the results.
From the previous literature, there are many researchers who have been
studied the problems on free convection over a various types of shapes either in
steady or unsteady state conditions, but they not considered the effects of radiation.
Soundalgekar et al. (1960) have studied radiation effects on free convection flow
of a gas past a semi-infinite flat plate using the Cogley et al. (1968) equilibrium
model. While, Hossain & Takhar (1996) have analyzed the effects of radiation using
the Rosseland diffusion approximation which leads to non-similar solutions for free
convection flow past a heated vertical plate. Later Tahmina & Alim (2008) extended
the previous studies on the effect of radiation on natural convection flow around a
sphere with uniform surface heat flux and solve numerically using Finite-difference
method with Keller-box scheme. Besides that, Yih (1999) studied on radiation
effects on the natural convection flow about a truncated cone by following the
Rosseland diffusion approximation which also used by Molla et al. (2009b) where
they investigated the radiation effect on natural convection over vertical wavy frustum
of cone. Then, the previous studies has been extended by Molla et al. (2011) on
effects of radiation on natural convection laminar flow from a horizontal circular
cylinder which solved by implicit finite difference method or keller box method and
straight forward finite difference method. They have found an increase in the values of
radiation leads to both the velocity and the temperature profiles increase, and the local
skin friction coefficient and the local rate of heat transfer are also increase. When the
Prandtl number increases with the presence of radiation, all the velocity profile, the
16
temperature profile, and the local skin friction coefficient decrease but the local rate
Nusselt number increases.
Furthermore, the study on free convection with the presence of both heat
generation and radiation on natural convection flow over a various type of shape also
has been investigated bt researchers. The problem on a sphere has been investigated
by Miraj & Alim (2010). Later, Miraj et al. (2011) extended his previous work
to investigate the effects of pressure work and radiation on his problem. They
found that the velocity and temperature distribution increase as heat generation and
radiation increase, but no significant changes have been found in the momentum and
thermal boundary layer thickness while the Prandtl number increases with keeping
the fixed values of heat generation parameter, then both of them decrease as well
as the momentum and thermal boundary layer thickness decrease significantly.
Furthermore, the similar results has been found by Makinde (2012) who studied on
the hydromagnetic mixed convection stagnation point flow towards a vertical plate
embedded in a highly porous medium with radiation and internal heat generation. In
addition, as the radiation parameter increases, both the skin friction coefficient and the
rate of heat transfer increase.
Recently, Ali et al. (2013) investigate the radiation effects on MHD free
convection flow along a vertical flat plate in presence of Joule heating and heat
generation and found a similar results as previous studies. While, Ferdousi et al.
(2013) studied on the effects of radiation on natural convection flow from a porous
vertical plate in presence of heat generation. Very recently, Elbashbeshy et al. (2014)
has considered the effect of heat generation or absorption and thermal radiation
on free convection flow and heat transfer over a truncated cone in the presence of
pressure work. They found that, an increase in the values of heat generation leads
to increase both the velocity and the temperature profiles, the local skin friction
coefficient increases and the local rate of heat transfer decreases. Other than that, the
increase in the values of radiation parameter leads to increase in the velocity profile,
the temperature profile, the local skin friction coefficient and the local rate of heat
transfer rate. The increase in Prandtl number Pr leads to decrease in all the velocity
profile, the temperature profile, the local skin friction coefficient but the local rate of
heat transfer increases.
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2.4 Numerical methods
Since the problem of the present study are on the effect of heat generation on
natural convective flow hence, the method that has been used in the previous works can
be applied to find the solution for the mathematical model for unsteady free convection
over a horizontal circular cylinder in the presence of heat generation. Some related
works will be presented here. Chamkha & Camile (2000) works have been solved
numerically by an accurate, implicit, iterative, tri-diagonal finite difference method
which discussed by Blottner (1970) and similar to the Keller’s box method. It has been
proven to be successful for obtaining accurate results for that type of equations in his
problem.
Molla et al. (2004) employed the implicit finite difference method known
as Keller-Box scheme developed by Keller (1978) to solve a nonlinear systems of
partial differential equations. This method have been extensively used by Molla et
al. (2006) and Molla et al. (2009a) by applying series solution technique in their
solutions. Recently, this method is also been used by Ali et al. (2013) and Ferdousi
et al. (2013). A series of solution obtained by using perturbation method and solved
by applying the Runge-Kutta-Butcher has been obtained by Butcher (1974), while the
initial value solver together with the Nachtsheim-Swigert by Nachtsheim & Swigert
(1965) iteration scheme. Other than that, Hady et al. (2006) and Makinde (2012)
solved the transformed boundary layer equations numerically by using Runge-Kutta
integration scheme with the shooting technique. Cheng (2009) solved the problem by
cubic spline collocation method by referring the work by Wang & Kahawita (1983) in
numerical integration of partial differential equations using cubic spline and employed
the Simpson’s rule. Miraj & Alim (2010) solved the problem by finite difference
method along with Newton’s linearization approximation which has been used in
the recent work Miraj et al. (2011). Later, Admon et al. (2011) solved the problem
by using an implicit finite-difference method for different values of the governing
parameters entering these equations.
Unsteady free convection is a condition of the surface temperatures either
oscillated or heated. These unsteady flow problems are important in engineering
because such flows occur often in practice. The solution method for unsteady free
convection about a cylinder can be solved by analytical or numerical method. The
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solutions in the previous study which solved by using analytical and numerical
methods have been received much attention. So that, the numerical study on unsteady
free convection flow has given a very attention in this literature. Ganesan & Rani
(1998) presented a numerical solution for the transient natural convection flow over
a vertical cylinder under the combined buoyancy effects of heat and mass transfer
by employing an implicit finite-difference method that has been used by Rani &
Devaraj (2003) in their study on unsteady flow past a vertical cylinder with temperature
oscillations.
A finite difference method presented by Abd El-Naby et al. (2004) who studied
on radiation effects on MHD unsteady free convection flow over vertical porous plate.
They employed an implicit finite-difference scheme which has been discussed by
Soundalgekar (1981). Rani & Kim (2008) have also presented a numerical solution
in study on the transient free convection flow over an isothermal vertical cylinder
with temperature dependent viscosity. The Crank-Nicolson type of implicit finite-
difference method is used to solve the governing non-linear set of equations. Later,
Reddy & Reddy (2009a) and Reddy & Reddy (2009b) presented a numerical study
of the interaction of radiation and mass transfer effects on unsteady MHD free
convection flow past a semi-infinite moving vertical cylinder by employing finite-
difference scheme of Crank-Nicolson type. The solution of unsteady free convection
heat and mass transfer in Walters-B viscoelastic flow past a semi-infinite vertical plate
has been done by Prasad et al. (2011) by using an efficient, accurate and implicit
finite difference scheme of Crank-Nicolson types for the solution of dimensionless
conservation equations. That method was originally developed by Prasad et al. (2007)
in radiation and mass transfer effects on two-dimensional flow past an impulsively
started infinite vertical plate. Recently, Ismail et al. (2012) demonstrated a finite
difference solution of radiation on unsteady free convective magnetohydrodynamic
flow past a vertical cylinder with heat and mass transfer. They solve their problem
by an implicit finite difference scheme of Crank-Nicolson method which has been
demonstrated in Velusamy & Garg (1992) work. Very recently, Udin & Harmand
(2013) employed the an unconditionally stable implicit finite difference scheme to
solve their problems on unsteady natural convection heat transfer of nanofluid along a
vertical plate embedded in porous medium.
There are another research that solved numerically by using explicit finite
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difference method for example Carnahan et al. (1969) in the study on free convection
on a heated plate. Their method has been used by Udin&Kumar (2010) in the problem
of unsteady free convection in a fluid past an inclined plate immersed in a porous
medium. Besides that, the method is also has been employed by Khan et al. (2012) in
their study on unsteadyMHD free convection boundary-layer flow of a nanofluid along
a stretching sheet with thermal radiation and viscous dissipation effects. Very recently,
Ahmed & Alam (2013) presented the explicit finite difference method to solve the
nonlinear partial differential non-dimensional equations in problem about an unsteady
MHD mixed convection flow from a vertical plate in porous media in the presence of
internal heat generation with chemical reaction, hall current and thermal radiation.
There are also some works that employed Keller-box method to obtain their
solution such as in Verma & Punyatma (1977) where they studied the effect of plate
oscillations on horizontal free convection flow and in Hossain et al. (1998) in the
heat transfer response of MHD free convection flow from a vertical heated plate to
an oscillating surface heat flux. The partial differential equations are reduced to a
pair of linear ordinary differential equations where the solutions are obtained via a
straightforward shooting method. Moreover, Jaman & Hossain (2010) investigated the
effect of fluctuating surface temperature on natural convection flow over cylinders of
elliptic cross which solved by the most efficient and accurate implicit finite difference
method together with the Keller-box elimination technique (also known as Keller box
method). Previously, Jaman & Hossain (2009) deal with the problem encountered
in the flow field at the free convection flow of a viscous in-compressible fluid along
an infinite horizontal cylinder when the temperature of the cylinder is oscillating
sinusoidically. Other than that, Yan et al. (1996) used a numerical solution that is
a classical finite-difference method on unsteady free convection from a sphere in a
porous medium.
The unsteady free convection about a circular cylinder with presence of heat
generation and radiation is new and has not been studied yet. The governing equations
and boundary equations are first transform into a dimensionless form and the resulting
system of equations are then solved by finite difference method.
CHAPTER 3
METHODOLOGY
3.1 Introduction
In this chapter, the governing equations and boundary conditions for the
unsteady free convective flow over a horizontal cylinder surface in the presence of
heat generation have been derived. The three governing equations are the continuity
equation, the momentum equation, and the energy equation. The approximation, the
problem formulation and dimensionless transformation employed in the analysis of
the flow will be outlined in the next sections. The Crank Nicolson method and explicit
finite difference method are used in this study and discussed in the last section of this
chapter.
3.2 Boussinesq approximation
The Boussinesq approximation is used in the field of buoyancy-driven flow,
also known as natural convection or free convection flow. The fluid density differences
   1, where  is the fluid density and 1 is the ambient fluid density in terms of
the buoyancy in the momentum equation are sufficiently small to be neglected, except
where they appear in terms multiplied by the terms involving the acceleration due
to gravity in the buoyancy body force, g. This is because the gravity is sufficiently
strong to make the different between the weights of two fluids appreciable although
the difference in inertia is negligible. A simple and convenient way to present the
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density differences (  1) in the buoyancy term of the momentum equation given
by the Boussinesq approximation reported by Bejan (2004) is
 = 1 [1 +  (T    T 1)] ; (3.1)
where  is the thermal expansion coefficient at constant pressure, P , T  is the fluid
temperature and T 1 is the temperature of the ambient medium. while  in equation
(3.1) is simply
 =  1


@
@T 

P
: (3.2)
3.3 Formulation of the problem
The problem is about an unsteady free convection on horizontal circular
cylinder in the presence of heat generation and radiation. Here, we will study the flow
and temperature profile by applying the uniformly heated boundary condition on the
cylinder surface. Secondly, we will study the velocity and temperature profiles when
the boundary condition oscillates harmonically with time. Lastly, with the uniformly
heated boundary condition, besides the presence of heat generation, we will study the
velocity and temperature profiles with the existence of radiation to our problem. There
are some assumptions that have been made to formulate the equations. The governing
equations is derived under the following assumptions:
(i) The fluid is assumed to be incompressible and viscous.
(ii) The kinematic viscosity  and the thermal conductivity,  are taken as constant.
(iii) The viscous dissipation function  in the energy equation is negligible.
(iv) Since the problem is about an infinitely long horizontal circular cylinder, it can
be considered as two-dimensional problem.
(v) The direction along the surface of circular cylinder is described as x while the
direction normal outward from the surface is denoted y.
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(vi) The heat is generated internally within the cylinder surface which is immersed
in Newtonian fluid.
(vii) The gravitational acceleration, g acts vertically downwards.
For a problem of free convection, consider a two-dimensional horizontal circular
cylinder of radius, a which is immersed in a viscous and incompressible fluid of
ambient temperature, T1 and a uniform heated surface temperature, T s (or harmonic
oscillated surface temperature) shown in Figure 3.1.
Figure 3.1: Physical model of circular cylinder
3.3 .1 Conservation of mass
The conservation of mass is a principle of classical physics stating that the
total mass in a closed system is conserved. Its also called as the continuity equation.
From engineering thermodynamics, when applied to such a control volume, the mass
conservation states the time rate of changes of mass contained within the control
volume at time t, must be equal the net rate between mass enter (inflow) and leaves
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(outflow) the control volumes. The conservation of mass principle can be expressed in
symbols as Bejan (2004)
@Mcv
@t
=  _min    _mout; (3.3)
whereMcv is a net rate of mass storage in control volume, _min is a mass inflow, _mout
is a mass outflow rate and t is time. Consider the flow field in two-dimensional in xy
circular cylinder by taking the (u; v) as the local velocity components at point (x; y).
The rate at which mass enters the control area through the surface perpendicular to x
may be expresses as (u)y and for the y direction expressed as (v)x, where  is the
total mass density, x is the control area for x and y is the control area for y. The rate
at which mass leaves the surface can be expressed by Taylor series expansion for the x
and y direction as follows:
(u) +
@(u)
@x
x

y in x  direction;
(v) +
@(v)
@y
y

x in y   direction:
Thus, the conservation of mass requirement becomes
@
@t
(xy) = (u)y + (v)x 

u+
@(u)
@x
x

y  

v +
@(v)
@y
y

x;
or, cancelling terms and dividing through by the constant size of the control area (xy)
@
@t
+
@(u)
@x
+
@(v)
@y
= 0;
and can be written as
@
@t
+ 
@u
@x
+ 
@v
@y
= 0:
For a constant-density flow in a two-dimensional boundary layer, the continuity
equation becomes
@u
@x
+
@v
@y
= 0: (3.4)
3.3 .2 Conservation of momentum
The second fundamental law that is pertinent to the flow of a viscous fluid is
Newton’s second law of motion. For a differential control volume in the fluid, the
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sum of all forces and rate of momentum storage in the control area also called local
acceleration term is required. The control volume formulation of Newton’s second law
of motion requires that (Bejan (2004))
@ (Mvn)cv
@t
= Fn + ( _mvn)in    ( _mvn)out ; (3.5)
where Fn is an external forces acting on the control surface. In two-dimensional flow
situation, the above equation can be written as body forces which are proportional to
area. The surface force Fs are due to the fluid static pressure as well as to viscous
stresses and the body force Fs;x or Fs;y are due to the direction of body force control
area in x and y direction, respectively
@u
@t
xy + u


@u
@x
+ 
@v
@y

xy = Fs;x in x  direction; (3.6)
@v
@t
xy + v


@u
@x
+ 
@v
@y

xy = Fs;y in y   direction: (3.7)
By using Taylor series expansion for the stresses, the net surface force for each of the
two directions can be expressed as
Fs;x = xy  

x +
@x
@x
x

y   xyx+

xy +
@xy
@y
y

x+Xxy; (3.8)
Fs;y = yx 

y +
@y
@y
y

x  yxy +

yx +
@yx
@x
x

y + Y yx: (3.9)
where i; (i = x; y) represents normal stress and ij; (i; j = x; y; i 6= j) is a shear
stress. Normal stress corresponds to a force component normal to the surface and the
shear stress corresponds to a force along the surface. By substituting equations (3.6)
and (3.7) into equations (3.8) and (3.9) respectively and by dividing with xy, we
obtained

@u
@t
+ u


@u
@x
+ 
@v
@y

=  @x
@x
+
@xy
@y
+X; (3.10)

@v
@t
+ v


@u
@x
+ 
@v
@y

=  @y
@y
+
@yx
@x
+ Y: (3.11)
The stresses i and ij for x and y directions may be expressed as Rohsenow & Choi
(1961)
x = P   2@u
@x
+
2
3


@u
@x
+
@v
@y

; (3.12)
y = P   2@v
@y
+
2
3


@u
@x
+
@v
@y

; (3.13)
xy = yx = 

@u
@y
+
@v
@x

; (3.14)
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